ABSTRACT Vitamin C, vitamin E, and alpha-lipoic acid (ALA) are potent nutritional antioxidants, which are important for enhancing immunity. This study compared the effects of supplementation with vitamin C, vitamin E, or ALA on the antioxidant defense system and the expression of immune-related genes under oxidative stress induced by dexamethasone (DEX) in broilers. In total, 240 one-day-old female Recessive White Rock chickens were assigned randomly to either a basal diet (control group) or basal diet supplemented with vitamin C (200 mg/kg diet), vitamin E (100 mg/kg), or ALA (500 mg/kg) for 28 d starting from hatching. At 21 d of age, birds fed the ALA-supplemented diet had the highest plasma total antioxidant capacity (T-AOC) and superoxide dismutase (T-SOD) and glutathione peroxidase (GSH-PX) enzyme activities, and the lowest plasma malondialdehyde (MDA) activity, as well as the lowest mRNA gene expression levels of interferon gamma (IFN-γ) and lipopolysaccharide-induced tumor necrosis factor-alpha factor (LITAF). At 23 d of age, the broilers in the 3 treatment groups were injected in the thigh muscle with DEX for 3 alternating days. In addition, the control group was divided into 2 equal groups, in which one was injected with saline and the other was injected with DEX. At 28 d of age, the DEX-ALA group (P < 0.05) had the highest activity levels for T-AOC, T-SOD, and GSH-PX in the plasma and liver (P < 0.05), and the greatest reduction in the MDA level. Dietary ALA significantly decreased the mRNA expression levels of the interleukin 1 β (IL-1β), IL-6, IFN-γ, and LITAF genes compared with the other groups during oxidative stress by DEX. In conclusion, this study suggests that in broilers, ALA is more effective for normalizing the oxidative stress induced by DEX than vitamin C or vitamin E.
INTRODUCTION
Broiler chicken production faces many different stressors, such as heat or cold stress, nutrition density, high stock density, mycotoxin contamination, and diseases that influence the antioxidant status and immune system of broilers, thereby resulting in economic losses for producers (Heckert et al., 2002; Guo et al., 2010; Tsiouris et al., 2015; Yang et al., 2015; Fouad et al., 2016) . Broilers reared under stressful conditions or subjected to any condition that mimics stress exhibit increased production of the free radicals responsible for causing oxidative stress (Davies, 2000; ). In addition, during stress, the hypothalamus-pituitary adrenal axis is activated and C 2017 Poultry Science Association Inc. Received April 19, 2017 . Accepted September 14, 2017 Corresponding author: nqinghua@scau.edu.cn glucocorticoid is released from the adrenal cortex. Glucocorticoid is necessary for controlling the whole body homeostasis, and it plays a crucial role in the organism's response to stress (Chung et al., 2011) . Excessive glucocorticoid causes growth inhibition, immune system suppression, and the induction of oxidative stress (Schakman et al., 2008; Coutinho and Chapman, 2011) . Previous studies have shown that the administration of glucocorticoid in the diet induces oxidative stress in chickens as well as suppressing immune functions and altering gene expression in immune cells (Eid et al., 2003; Shini et al., 2010) . The effects of stress induced by glucocorticoids on the immune function depend on the duration of stress, i.e., acute (shortterm effect) or chronic (long-term effect). Acute stress may exacerbate pro-inflammatory responses, whereas chronic stress may induce the suppression of immune responses (Dhabhar, 2009) . Shini et al. (2010) showed that the short-term effect of corticosterone led to the up-regulation of pro-inflammatory cytokines and chemokines, whereas the chronic stress induced by corticosterone down-regulated pro-inflammatory cytokines and chemokines. Similarly, dexamethasone (DEX), a synthetic glucocorticoid, is used as an immunosuppressive agent, and it has been employed to induce oxidative stress to investigate the stress responses in poultry species (Huff et al., 2005; Eid et al., 2006; Gao et al., 2010; Njagi et al., 2012; Wang et al., 2012; Min et al., 2015) . Thus, dietary antioxidants could have positive effects and benefits in preventing oxidative stress and relieving the immunosuppression induced by DEX.
Vitamin C is one of the most important antioxidants, and one of its vital roles is the regeneration of vitamin E (Traber and Stevens, 2011) . Birds synthesize vitamin C in their bodies, but its synthesis is inadequate under stressful conditions, so it is recommended that the diet of broilers be supplemented with vitamin C during stressful conditions (Imik et al., 2012; Khan et al. 2012; Rafiee et al., 2016) . The administration of vitamin C eliminates the adverse effects of heat stress and improves the humoral immune response in broilers (Attia et al., 2009 ). In addition, many studies have suggested that the beneficial dose of vitamin C for improving the production performance and immunity is 200 to 250 mg/kg diet (Lohakare et al., 2005; Jang et al., 2014) .
Vitamin E is also a very important antioxidant, because it protects the cells and tissues from the oxidative damage induced by free radicals (Sahin and Kucuk, 2001) . Previous studies of chickens concluded that adding 100 to 200 mg vitamin E/kg diet improved the antioxidant status and immune response (Niu et al., 2009; Khan et al., 2011) . Furthermore, the addition of vitamin E to the diet ameliorated the harmful effects of oxidative stress induced by DEX in the semen of cockerels (Eid et al., 2006) . It has been reported that the beneficial effect of vitamin E on immunity in chickens is mediated by the scavenging of reactive oxygen species (ROS) and/or by modulating the synthesis of immune-related genes (Niu et al., 2009; Jang et al., 2014) .
Alpha-lipoic acid (ALA) is a strong antioxidant because of its ability to scavenge free radicals and its capacity for recycling other antioxidants such as vitamins C and E (Packer et al., 1995; Wollin and Jones, 2003) . Previous studies have demonstrated that dietary supplementation with ALA improves the antioxidant enzyme activities in the plasma, liver, and muscles, as well as in the meat of broiler chickens (Zhang et al., 2009; Chen et al., 2011; Guo et al., 2014) . In addition, the administration of ALA in the diet reduces oxidative stress in broilers exposed to stress due to aflatoxins or heat (Karaman et al., 2010; Hamano, 2012; Imik et al., 2012) . Furthermore, ALA has antiinflammatory properties, and the addition of ALA to the diet of broilers ameliorates the high expression of splenic inflammation-related genes , while the intraperitoneal injection of ALA has an antiinflammatory effect on white adipose tissue of mice (Guo et al., 2016) . Previous studies indicate that ALA should ideally be supplemented at 300 or 500 mg/kg diet to improve the growth performance and antioxidant capacity, and control the inflammatory response in broiler chickens (Chen et al., 2011; Guo et al., 2014; Li et al., 2014) .
Many studies have aimed to determine the effects of dietary supplementation with vitamin C, vitamin E, and ALA on the antioxidant capacity and the immunity in broilers, but none, to the best of our knowledge, has compared their effects on the antioxidant status and mRNA expression levels of immune-related genes in broiler chickens. Therefore, in this study, we compared the effects of supplementation with vitamin C, vitamin E, and ALA on the antioxidant status and the expression of immune-related genes under oxidative stress induced by DEX in broiler chickens.
MATERIALS AND METHODS

Animals and Experimental Design
In total, 240 one-day-old female Recessive White Rock chickens were obtained from a local hatchery (Dong Guan Breeder Company, Dong Guan, P. R. China). The chicks were weighed individually and assigned randomly to 4 dietary treatments with 6 replicate cages per treatment and 10 birds per replicate (60 birds per treatment). The birds were placed in wire cages in a 3-level battery. The battery cages were placed in a room with a controlled environment and a 24-hour constant light schedule. The temperature was maintained at 35
• C (relative humidity = 65%) for the first 2 d, before decreasing gradually to 21
• C (relative humidity = 45%) and then was maintained at this temperature until the end of the experiment (28 d of age). Fresh diet was prepared once each wk and stored in sealed bags. Water and feed were provided ad libitum for 28 days. All of the procedures used in the experiment were conducted according to protocols approved by the Animal Ethics Committee guidelines of the South China Agricultural University, Guangzhou, China.
Birds were assigned randomly to one of 4 dietary treatment groups in a completely randomized design. The 4 dietary treatment groups were as follows: basal diet without any supplementation (control) and basal diet supplemented with vitamin C (200 mg of L-ascorbic acid/kg of diet), vitamin E (200 mg Dl-α-tocopheryl-acetate/kg of diet), or ALA (500 mg ALA/kg of diet). Vitamin C, vitamin E, and ALA were purchased from Sigma Chemical Co. (St. Louis, MO).
At 21 d of age, 12 chickens with similar body weights were selected from each diet treatment (2 birds per replicate). Blood samples were drawn within 30 s from a wing vein and then transferred to iced tubes containing the anticoagulant agent ethylenediaminetetraacetic acid. Plasma was obtained from the blood by centrifugation at 400 × g for 10 min and 4 • C, which was then stored at −20
• C for further analysis. After collecting the blood samples, the chickens were slaughtered in order to collect tissues from the liver and spleen, which were then frozen in liquid nitrogen and stored at -80
• C until further analyses.
At 23 d of age, 30 chickens weighing close to the mean body weight were selected randomly (6 replicate cages per treatment and 5 birds per replicate) from the 3 treatment groups, which were injected in the thigh muscle for 3 alternating d with approximately 2 mg/kg body weight of DEX (Sigma Chemical, St Louis, MO), as described previously (Huff et al., 1999 (Huff et al., , 2000 . In the control group, 30 chickens were weighed and assigned equally to 2 subgroups, in which one was injected with saline (saline group) and the other was injected with DEX. DEX was used to evaluate the effects of supplementation with vitamin C, vitamin E, and ALA on the antioxidant defense system and the expression of immune-related genes under the oxidative stress induced by injecting DEX.
At 28 d of age, plasma was obtained from the blood of 12 birds from each treatment groups, as mentioned above. The birds were slaughtered in order to collect tissues from the liver and spleen, which were then frozen in liquid nitrogen and stored at -80
Assays of Antioxidant Enzyme Indices in the Plasma, Liver, and Spleen
The antioxidant enzyme activity levels were determined in the plasma, liver, and spleen by measuring the glutathione peroxidase (GSH-PX) and malondialdehyde (MDA) levels, total antioxidant capacity (T-AOC), and total superoxide dismutase (T-SOD) activity. The analyses were performed using commercial assay kits obtained from the Nanjing Jian-Cheng Bioengineering Institute, Nanjing, Jiangsu, China (used according to the manufacturer's instructions), which have been used successfully in previous studies of broiler chickens .
Analyses of the Expression of Immune-related Genes
Using spleens from the broiler chickens, the mRNA expression levels of interleukin (IL)-1β, IL-6, interferon gamma (IFN-γ), and lipopolysaccharide-induced tumor necrosis factor-alpha factor (LITAF) were quantified by quantitative real-time PCR according to a previously described method . Total RNA was extracted from the spleens using a TRI-ZOL Reagent Kit (Invitrogen, San Diego, CA) according to the manufacturer's instructions. RNA integrity was tested by 1% agarose gel electrophoresis. The quantity and purity of the RNA samples were measured using a NanoDrop spectrophotometer (Thermo Scientific, Boston, MA) based on the ratio of the absorbances at 260 nm and 280 nm. The RNA concentrations of all samples were 1.9 to 2.0 according to estimates made by measuring the A 260. The total RNA was reverse transcribed into cDNA using a PrimeScript RT Reagent Kit (Perfect Real Time; TaKaRa Biotechnology, Dalian, China). Reverse transcription (RT) was performed in RT reactions (10 μL) comprising 500 ng total RNA, 5 mmol/L MgCl 2 , 1 μL RT buffer, 1 mmol/L dNTP, 2.5 U AMV, 0.7 nmol/L oligo d(T), and 10 U ribonuclease inhibitor (TaKaRa, Dalian, China). The cDNA was amplified in a 20-μL PCR reaction mixture containing 0.2 μmol/L of each specific primer (Sangon, Shanghai, China) and SYBR green master mix (TaKaRa, Dalian, China). Each cycle comprised denaturation at 95
• C for 10 s, annealing at 95
• C for 5 s, and extension at 60 • C for 34 seconds. Each sample was analyzed in triplicate. The primer information for all of the genes is listed in Table 1 . β-actin was used as the endogenous control gene in the quantitative RT-PCR experiments. The relative mRNA expression levels were calculated according to the method described by Livak and Schmittgen (2001) .
Statistical Analysis
Data were analyzed using the GLM procedure in SAS 9.1 (SAS Institute Inc., Cary, NC, 2004). P < 0.05 was considered to indicate a statistically significant difference.
RESULTS AND DISCUSSION
Antioxidant Enzyme Activities before DEX Injection
The effects of dietary supplementation with vitamin C, vitamin E, and ALA on the antioxidant enzyme activities are presented in Table 2 . Antioxidant defense systems, including enzymatic and non-enzymatic antioxidants, protect organisms against oxidative damage. In poultry, the antioxidant enzymes mainly comprise SOD, catalase, and GSH-PX, while the non-enzymatic antioxidant defenses include vitamins C, E, and A, as well as some other antioxidants (Cheng et al., 2016) . SOD acts as the first line of defense against the deleterious effects of oxyradicals in cells by catalyzing the dismutation of the endogenous cytotoxic superoxide radical into hydrogen peroxide (H 2 O 2 ), which is then detoxified into water and oxygen via the joint action of catalase and GSH-PX (Rahal et al., 2014) . MDA is reliable indicator of lipid peroxidation (Sahin et al., 2003) . In the current study, dietary supplementation with vitamin C, vitamin E, and ALA significantly increased the T-AOC, T-SOD, and GSH-PX activities in the plasma, liver, and spleen (P < 0.05) in 21-day-old broilers compared with the control group. Birds fed the diet supplemented with ALA had significantly higher plasma T-AOC, T-SOD, and GSH-PX activities compared with the other groups. Similar patterns were observed in the T-AOC and GSH-PX levels in the liver, and in the T-SOD and GSH-PX levels in the spleen. The group treated with vitamin E had significantly higher T-SOD levels in the liver compared with both the control and ALA groups. However, there were no significant differences in the T-SOD levels in the livers of the vitamin C or ALA groups. This difference in the response may be explained by variations in the antioxidant activities among tissue types (Ichikawa et al., 2002) . Hu et al. (2015) reported that dietary supplementation with vitamin E (20 mg/kg) significantly increased the T-AOC, T-SOD, and GSH-PX activities, but significantly decreased the MDA levels compared with the control. We found that there were no significant differences in the T-AOC activities in the spleens of birds from the groups treated with vitamin C, vitamin E, or ALA. However, the T-SOD and GSH-PX levels were similar in the spleens of birds from the vitamin C and vitamin E treatment groups, but they were significantly lower than those in the ALA group.
In addition, our results showed that supplementation with each of the antioxidants (vitamin C, vitamin E, and ALA) reduced the MDA levels in the plasma, liver, and spleen compared with the control group. ALA supplementation significantly reduced the MDA levels in the plasma, liver, and spleen compared with the other supplementation groups. However, the MDA levels in the plasma and liver of birds from the vitamin C supplementation groups were significantly lower than those in the vitamin E supplementation group, whereas the MDA levels exhibited the opposite pattern in the spleens from these 2 groups. Similar results were obtained by Reddy et al. (2014) who found a significant decrease in the plasma MDA levels after supplementing the diet of broilers with vitamin C (300 mg/kg). In addition, Cinar et al. (2014) showed that dietary supplementation with vitamin C or E (250 mg/kg of diet) significantly decreased the erythrocyte MDA concentrations in broilers. However, Jang et al. (2014) found no difference in the MDA levels in the serum or liver from birds fed diets supplemented with vitamin C (200 mg/kg diet) or vitamin E (100 mg/kg diet) from 3 to 35 d old. These inconsistent results might be explained by the different doses used in these studies Table 3 . Effects of vitamin C, vitamin E, and alpha-lipoic acid on antioxidant enzyme activities in plasma, liver, and spleen of broilers exposed to oxidative stress by dexamethasone at 28 d of age. a-e Means within a row with different superscripts are different at P < 0.05. 1 Each data entry represents the mean ± standard error (n = 12). 2 Treatments: DEX = injected with dexamethasone; Saline = injected with saline; DEX-Vit C = injected with DEX plus vitamin C; DEX-Vit E = injected with DEX plus vitamin E; DEX-ALA = injected with DEX plus ALA.
3 T-AOC = total antioxidant capacity; T-SOD = total superoxide dismutase; GSH-PX = glutathione peroxidase; MDA = malondialdehyde.
as well as the strain, age, duration of exposure, and/or other experimental conditions. Guo et al. (2014) showed that dietary supplementation with ALA at 500 mg/kg enhanced the T-AOC, GSH-PX, and MDA levels in the livers of broilers. Chen et al. (2011) found that dietary supplementation with ALA at 300 mg/kg significantly increased the T-SOD activity in the liver and reduced the MDA levels. Thus, the decreased MDA levels in the plasma, liver, and spleen indicate reduced lipid peroxidation.
Antioxidant Enzyme Activities after DEX Injection
The effects of vitamin C, vitamin E, and ALA on the antioxidant enzyme activities in the plasma, liver, and spleen of broilers exposed to oxidative stress by DEX are presented in Table 3 . Previous studies have used DEX administration as a model of acute stress (Eid et al., 2006) and chronic stress (Vicũna et al., 2015) , where it induces oxidative stress in chickens according to the duration of exposure. Shini et al. (2010) reported that up-regulation of the mRNA expression levels of pro-inflammatory cytokines could be used as stress indicators, which was supported by the results obtained in the DEX-treated chickens in the present study. We found that the DEX-injected chickens had significantly lower T-AOC, T-SOD, and GSH-PX activity levels but higher MDA contents in the plasma, liver, and spleen. Eid et al. (2006) showed that the oxidative stress induced by injecting DEX significantly reduced the activity of GSH-PX and increased the MDA level in the seminal plasma of cockerels at 42 wk of age. In the present study, the DEX-ALA chickens had the highest levels (P < 0.05) of T-AOC, T-SOD, and GSH-PX in the plasma and liver, as well as the highest T-AOC level in the spleen (P < 0.05). The T-SOD and GSH-PX levels in the spleen were almost the same in the DEX-ALA group and DEX-vitamin E group, and they were significantly higher compared with those in the other groups. The levels of MDA in the plasma, liver, and spleen were significantly lower (P < 0.05) after dietary supplementation with vitamin C, vitamin E, and ALA compared with the saline-injected group and DEX-injected group. No differences were observed between the supplemented groups in terms of the plasma MDA levels, while there were also no differences in terms of the MDA levels in the spleen in the DEX-vitamin E and DEX-ALA groups. However, there were significant differences in the MDA levels in the liver in the supplementation groups, in which the levels were lowest in the DEX-ALA group followed by the DEX-vitamin E and DEXvitamin C groups.
In general, the present study demonstrated that DEX had a deleterious effect on the antioxidant enzymes in chickens, but supplementation with dietary vitamin C, vitamin E, or ALA alleviated its effects. Previously, Eid et al. (2006) showed that the GSH-PX activity was increased significantly and the MDA level was decreased significantly by vitamin E in the seminal plasma of cockerels at 42 wk of age under the oxidative stress induced by DEX treatment. In addition, Cinar et al. (2014) indicated that vitamin E supplementation (250 mg/kg diet) alleviated the harmful effects of oxidative stress induced by excess dietary copper in broilers. In the present study, the higher activities of GSH-PX, SOD, and T-AOC as well as the lower levels of MDA indicated that the antioxidant status of the broilers improved after supplementation with vitamin C, vitamin E, or ALA. Many previous studies have shown that vitamin C, vitamin E, and ALA can successfully minimize different types of oxidative stress in chickens by increasing the antioxidant enzyme activities to defend cell membranes against oxygen and the production of free radicals Yang et al., 2014; Cheng et al., 2016) . In the antioxidant defense system, vitamin C limits the metabolic signs of stress by breaking the chain of lipid peroxidation in cell membranes while vitamin E ensures the integrity of cells by acting as a lipid-soluble antioxidant to reduce polyunsaturated fatty acid oxidation (Nimse and Pal, 2015) . Thus, vitamin C and vitamin E can neutralize ROS and alleviate oxidative stress. In addition, ALA has been shown to combat oxidative stress by quenching various types of intracellular ROS (Packer et al., 1995) . Previous studies have also demonstrated that ALA supplementation elevated the activities of T-AOC, SOD, and GSH-PX as well as reducing the MDA levels in both the serum and liver in broilers after ALA supplementation at 300, 600, or 900 mg/kg (Zhang et al., 2009; Chen et al., 2011) . ALA promotes GSH-PX synthesis by inducing Nrf2-mediated antioxidant gene expression (Shay et al., 2008) , which significantly increases the cellular capacity to synthesize GSH-PX (Shay et al., 2008) . Furthermore, ALA activates several antioxidant defenses by up-regulating the expression of sirtuin 1 and sirtuin 3
proteins (Valdecantos et al., 2012) . These effects may explain why ALA improves the activities of antioxidant enzymes. Therefore, vitamin C, vitamin E, and ALA regulate the enzymatic and non-enzymatic defense systems.
mRNA Expression Levels of Immune-related Genes before DEX Injection
It is well known that the immune organs are sensitive to oxidative stress, which could affect the immune response. However, it has been shown that the presence of suitable antioxidants in the diet of chickens can enhance the immune response (Kurutas, 2016) . In the present study, the spleen was selected as a secondary lymphoid organ because it is a site of both the innate and adaptive immune responses (Oláh and Vervelde, 2008) . The effects of dietary supplementation with vitamin C, vitamin E, or ALA on the mRNA expression levels of immune related-genes (IL-1β, IL-6, IFN-γ, and LITAF) in the spleens of broilers after 21 d are shown in Figure 1 . We found that dietary supplementation with vitamin C, vitamin E, or ALA significantly decreased the mRNA expression levels of IL-1β, IL-6, IFN-γ, and LITAF in the spleens of broilers after 21 d compared with the control group. The effects of dietary supplementation with vitamin E or ALA on the mRNA expression levels of IL-1β and IL-6 were similar. Supplementation with vitamin C or ALA also had similar effects on the mRNA expression levels of IFN-γ. Dietary supplementation with ALA obtained the greatest reduction in the mRNA expression level of LITAF. These results demonstrate that the anti-inflammatory effects of ALA may be due to its role as a strong antioxidant. Similarly, Li et al. (2014) demonstrated that ALA inhibited the expression of IL6, IFNγ, and tumor necrosis factor-α in the spleens of broilers when they were fed a diet contaminated by aflatoxins. Furthermore, a previous study using broilers under heat stress due to tropical summer conditions (temperatures of 32
• C to 34
• C in the d and 27
• C to 29
• C in the night) by Jang et al. (2014) showed that dietary supplementation with vitamin C (200 mg/kg diet) significantly decreased (P < 0.05) the mRNA expression levels of IFN-γ, IL-1β, and IL-6 in the liver compared with the control group and the group supplemented with vitamin E (100 mg/kg diet). However, these results do not indicate that vitamin C is a stronger antioxidant and anti-inflammatory agent than vitamin E in all conditions because the effects of antioxidant supplementation on the expression of immune-related genes may vary according to the genetic lines of chickens, type of stressor, and level of antioxidant (Kumar et al., 2011; Jang et al., 2014) .
mRNA Expression Levels of Immune-related Gene after DEX Injection
In this study, we assessed the effects of dietary supplementation with vitamin C, vitamin E, or ALA on the oxidative stress induced by DEX based on the mRNA expression levels of selected splenic immunerelated genes. The effects of dietary vitamin C, vitamin E, and ALA supplementation on the mRNA expression levels of immune-related gene after DEX injection are presented in Fig. 2 . To the best of our knowledge, this is the first study to investigate the effects of dietary supplementation with vitamin C, vitamin E, and ALA on the oxidative stress induced by DEX based on the mRNA expression levels of immune-related genes in the spleens of chickens. The present study showed that injecting chickens with DEX obtained the highest expression levels of all 4 genes considered, i.e., IL-1β, IL-6, IFN-γ, and LITAF, which is consistent with the findings of who showed that the mRNA expression levels of IL-1β and IL-6 in circulating heterophiles were up-regulated when chickens were treated with corticosterone in drinking water (20 mg/L). These findings confirm that the mRNA expression levels of immune-related genes can be treated as indicators of stress. We also found that the high level expression of immune-related genes was prevented by dietary supplementation with vitamin C, vitamin E, and ALA. Furthermore, dietary ALA was the best supplement because it significantly decreased the mRNA expression levels of IL-1β, IL-6, IFN-γ, and LITAF compared with the other treatments, possibly due to the ability of ALA to restore proteins related to the stress and immune responses (Lu et al., 2017) .
In conclusion, we showed that dietary supplementation with antioxidant vitamins (vitamins C and E) and ALA significantly improved the activity of antioxidant enzymes and alleviated the increased expression of inflammatory cytokines during the oxidative stress induced by DEX. Our findings suggest that ALA is more effective at reducing the oxidative stress induced by DEX in broilers than vitamin C or vitamin E, which is probably due to the powerful antioxidant capacity of ALA and its ability to regenerate vitamins C and E (Packer et al., 1995) .
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